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Abstract

This study investigates the effects of engine speed on key performance, combustion, air intake, fuel
consumption, and emission characteristics of a compression ignition engine operating within the range
of 1500 to 3000 rpm. A series of controlled engine tests were conducted to evaluate combustion
duration, brake torque, brake mean adequate pressure (BMEP), indicated mean effective pressure
(IMEP), specific fuel consumption (SFC), NOx emissions, total mass airflow, and volumetric
efficiency. The results reveal that combustion duration decreased significantly from 83°CA at 1500 rpm
to 37°CA at 3000 rpm, while BMEP declined from 6.6 bar to 4.3 bar, and brake torque dropped from
1000 Nm to 630 Nm. IMEP peaked at 8.55 bar at 2000 rpm, indicating optimal combustion efficiency
at mid-range speed. In contrast, SFC increased from 0.235 kg/kWh to 0.305 kg/kwh, reflecting reduced
thermal efficiency at higher speeds. NOx emissions exhibited a peak value of 2220 ppm at 2100 rpm,
then gradually declined, emphasizing the trade-off between power output and emission control.
Volumetric efficiency decreased from 91.5% to 75.5%, while total mass airflow rose from 0.255 kg/s
to 0.42 kg/s. The novelty of this study lies in its integrated and comparative analysis across multiple
engine parameters, offering a holistic understanding of engine dynamics. These findings serve as a
reference for optimizing engine performance and emission strategies, and they provide a benchmark for
future research involving alternative fuels, advanced combustion modes, and real-time control
algorithms.
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1. Introduction

Internal combustion engines (ICEs) continue to serve as the backbone of transportation, power
generation, and industrial machinery due to their high-power density and mature technology. While the
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global energy landscape is gradually shifting toward electrification and sustainable alternatives,
improving existing engine systems' performance and environmental impact remains a critical
engineering focus. Engine operating parameters, particularly engine speed, significantly influence fuel
consumption, combustion quality, and pollutant emissions, making it essential to investigate their
behaviour under varying conditions. Engine speed directly affects the thermodynamic and mechanical
dynamics within the combustion chamber. It alters piston velocity, air intake rates, combustion phasing,
and turbulence intensity, playing a significant role. Increasing engine speed generally reduces
combustion duration due to shorter cycle times and higher turbulence, which accelerates flame
propagation, as emphasized in previous studies (Alenezi et al., 2020; Gani et al., 2025; Kirkpatrick,
2020; Muhtadin et al., 2025). However, these benefits often come at the cost of increased mechanical
losses and reduced volumetric efficiency.

Brake means adequate pressure (BMEP), and brake torque is an essential indicator of engine output and
mechanical efficiency. Due to incomplete cylinder filling and increased friction, both parameters tend
to decrease with rising engine speed beyond an optimal point (Alenezi et al., 2021; Hasan et al., 2018;
Irhamni et al., 2025; Jalaludin et al., 2025). Simultaneously, indicated mean adequate pressure (IMEP)
provides insights into combustion efficiency, with many researchers reporting peak values occurring at
moderate speeds before declining at higher RPMs due to less effective air-fuel mixing and shortened
ignition delay. Fuel economy, often represented through specific fuel consumption (SFC), is another
critical metric influenced by engine speed. SFC tends to be lowest in the mid-speed range where thermal
efficiency is maximized (Bahagia et al., 2025; Igbal et al., 2025; NOOR et al., 2025; Uyumaz, 2018).
At higher speeds, increased frictional losses and suboptimal combustion timing raise fuel consumption.
Conversely, NOx emissions peak at moderate to high engine speeds due to elevated in-cylinder
temperatures and prolonged residence times (Agarwal et al., 2015; Erdiwansyah et al., 2021; Sumarno
etal., 2025).

Engine speed variations also impact air management parameters such as total mass airflow and
volumetric efficiency. As engine RPM increases, the number of intake strokes per unit of time grows,
increasing total air intake. However, volumetric efficiency declines due to shorter intake durations and
increased dynamic restrictions, particularly in naturally aspirated engines. These effects can limit
combustion quality and torque output at high speeds (Febrina & Anwar, 2025; Rosli et al., 2025). Despite
the wealth of existing literature, many previous studies have focused on isolated parameters or single-
speed conditions. Few have conducted an integrated analysis combining combustion characteristics,
engine output, fuel economy, air intake behaviour, and emissions over a continuous speed range.
Therefore, a holistic investigation that evaluates the interdependence of these parameters under varying
engine speeds is needed to inform better engine tuning, control strategy development, and design
optimization.

This study aims to comprehensively evaluate the effect of engine speed on eight key performance
indicators: combustion duration, brake torque, BMEP, IMEP, specific fuel consumption (SFC), NOx
emissions, total mass airflow, and volumetric efficiency. Engine speeds ranging from 1500 to 3000 rpm
were tested under steady-state conditions. The specific objectives are (1) to quantify the changes in
combustion and performance parameters with increasing RPM, (2) to assess the trade-offs between
efficiency and emissions, and (3) to provide data-driven insights for improving future engine designs,
control strategies, and alternative fuel applications.

2. Methodology

This study uses a controlled experimental method to evaluate the effect of engine speed on combustion
characteristics, engine performance, fuel consumption, airflow, and exhaust emissions in compression
ignition engines. The research steps used are as follows:
a. Preparation of Tools and Materials
The study was conducted on a compression ignition engine that had been calibrated and equipped
with sensors to measure engine parameters such as torque, mean adequate pressure (BMEP and
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IMEP), specific fuel consumption (SFC), NOx emissions, total air mass flow, and volumetric
efficiency.

b. Testing Conditions
The engine was tested under steady-state conditions with variations in engine rotation speed from
1500 rpm to 3000 rpm. Each test at a certain speed was run under stable conditions for several
minutes to ensure data stability.

c. Parameter Measurement
The parameters measured during the experiment include:
- Combustion duration (°CA) using a crankshaft position sensor.
- Engine torque (Nm) utilising a dynamometer.
- Brake mean adequate pressure (BMEP) and indicated mean effective pressure (IMEP) using

cylinder pressure sensor.
- Specific fuel consumption (kg/kWh) using gravimetric method.
- NOx emission (ppm) using a gas analyzer.
- Total air mass flow (kg/s) using mass airflow sensor.
- Volumetric efficiency (%) is calculated based on actual air volume compared to theoretical
cylinder volume.

d. Data Analysis
Experimental data are analyzed statistically and graphically to see the relationship between
engine speed and each engine performance parameter. The analysis is carried out using statistical
data processing software to ensure the validity of the results.

e. Interpretation and Discussion
Experimental results are compared with relevant literature to understand the phenomena that
occur at each engine speed variation. Explanations regarding the cause-and-effect relationships
of the results obtained are studied to support the conclusions and recommendations of the study.
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Fig. 1. Diesel Engine Simulation Schematic and Flow Dynamics Analysis using DieselRK Software

Fig. 1 presents a schematic illustration and flow dynamics analysis generated using DieselRK software,
explicitly focusing on diesel engine performance simulation. The figure illustrates several essential
components and dynamic processes within a diesel engine combustion system, including spray
dynamics, fuel injection patterns, and air-fuel mixture interactions. The left portion of the schematic
emphasizes the effect of impingement angles and local swirl velocity (Ws), factors critical to optimizing
fuel atomization and enhancing combustion efficiency. The equations provided help quantify the fluid
dynamics, indicating how injection angle and swirl velocity variations influence spray behaviour and
distribution within the combustion chamber.

In the central section of the figure, DieselRK software depicts detailed interactions between the fuel
spray and combustion chamber geometry. This visualization helps engineers to analyze fuel dispersion
patterns, droplet sizes, and combustion chamber wall interactions, essential parameters for minimizing
emissions and improving fuel economy. The right side of the figure further clarifies fuel injection timing
and angular distributions within the cylinder, demonstrating how injection strategies directly impact
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combustion efficiency and engine performance. The software’s graphical output allows for
straightforward interpretation and optimization of engine parameters, including injection timing, angle
precision, and swirl characteristics.

3. Results and Discussions

Fig. 2 illustrates the relationship between engine speed and combustion duration (crank angle degrees,
°CA). The graph demonstrates a decreasing trend in combustion duration as engine speed increases. At
1500 rpm, the combustion duration is the highest, approximately 83°CA, indicating that at lower engine
speeds, the time available for combustion is relatively longer. This extended duration makes the
combustion process more complete but slower, which is common in low-speed engine operation. As
the engine speed increases to 2000 rpm, the combustion duration drops significantly to around 47°CA,
and it continues to decrease slightly to 41°CA at 2500 rpm and finally to about 37°CA at 3000 rpm.
This trend aligns with the common understanding that higher engine speeds reduce the time available
for combustion due to faster piston movement and reduced residence time for the air-fuel mixture in
the combustion chamber.
These findings are consistent with those reported by Heywood (1988), who noted that combustion
duration tends to decrease with increasing engine speed due to shorter cycle times and more turbulent
flow, enhancing flame propagation speed. Similarly, it was observed that increasing engine speed from
1500 to 3000 rpm reduced combustion duration by approximately 50%, which closely matches the
reduction observed in this study (from ~83°CA to ~37°CA) (Muhibbuddin, Muchlis, et al., 2025; S. M.
Rosdi, Ghazali, et al., 2025; S. M. Rosdi, Maghfirah, et al., 2025; 2.4, 2019). Furthermore, the
slight levelling of the curve beyond 2500 rpm suggests that the rate of decrease in combustion duration
slows down, possibly due to the limitations in flame propagation and increased dominance of diffusion-
controlled combustion rather than premixed combustion under high-speed conditions. In conclusion,
the results confirm that engine speed strongly influences combustion duration and that faster engine
operation results in significantly shorter combustion phases. This behaviour is crucial for optimizing
ignition timing and achieving efficient combustion in high-speed engine applications.
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Fig. 2. Effect of Engine Speed on Combustion Duration

Fig. 3 presents the variation of Brake Mean Effective Pressure (BMEP) with engine speed. BMEP is a
crucial parameter that reflects an engine's efficiency and torque-producing capability, independent of
engine displacement. At 1500 rpm, BMEP is recorded at approximately 6.6 bar, representing the highest
value in the dataset. This suggests that the engine operates most efficiently at lower speeds, likely due
to better volumetric efficiency, optimal combustion phasing, and minimal pumping losses. As engine
speed increases to 2000 rpm, BMEP drops slightly to around 6.3 bar, then more significantly to 5.3 bar
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at 2500 rpm, and eventually reaches the lowest value of 4.3 bar at 3000 rpm. This steady decline can be
attributed to several factors:

- Reduced volumetric efficiency at higher engine speeds, leading to less air charge per cycle.

- Increased frictional losses and pumping work.

- Incomplete combustion due to shorter residence time for the air-fuel mixture.
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Fig. 3. Effect of Engine Speed on Brake Mean Effective Pressure (BMEP)

These findings are consistent with the study by Durgun et al. (2013), which reported that BMEP
decreases with increasing engine speed beyond a certain point due to reduced charge density and poorer
combustion quality. Similarly, it was observed that, although power output may increase temporarily at
high rpm, the mean effective pressure drops due to lower torque generation (Akansu et al., 2004;
Fitriyana et al., 2025; Muhibbuddin, Hamidi, et al., 2025; Nizar et al., 2025). The trend in this figure
reinforces the concept that there is an optimal engine speed range where BMEP and engine performance
are maximized. Beyond that range, efficiency losses become more significant.
Fig. 4 shows the relationship between engine speed and brake torque output. Brake torque directly
indicates the engine's ability to perform mechanical work and is heavily influenced by combustion
efficiency, air-fuel mixing, and mechanical friction losses. At 1500 rpm, the engine produces the
maximum brake torque of approximately 1000 Nm, indicating optimal engine performance at this
speed. This low-speed peak torque is characteristic of engines tuned for high load-bearing applications
where volumetric efficiency and complete combustion can be achieved with minimal frictional losses.
As engine speed increases to 2000 rpm, torque decreases slightly to around 950 Nm, followed by a
more noticeable drop to 820 Nm at 2500 rpm, and finally to 630 Nm at 3000 rpm. This downward trend
is primarily caused by:

- Volumetric efficiency is reduced due to the shorter intake time at higher RPM.

- Increased internal friction and mechanical losses.

- Potential delay or shortening in combustion duration at high speeds, limiting energy conversion.

These observations agree with previous findings, which reported that as engine speed increases beyond
the optimal torque range, torque tends to fall due to reduced cylinder filling and increased frictional
resistance (Muchlis, Efriyo, Rosdi, & Syarif, 2025; Muchlis, Efriyo, Rosdi, Syarif, et al., 2025; S. M.
Rosdi, Ghazali, et al., 2025; Selvakumar et al., 2025; Van Basshuysen & Schéfer, 2016). In similar
studies, Brake Torque was observed to drop by 30-40% from low to high speeds, which aligns with the
drop from 1000 Nm to 630 Nm shown in this figure. In conclusion, the data emphasize that the engine
delivers maximum torque at lower speeds and that torque performance degrades significantly with
higher RPM, an essential factor in engine tuning and transmission design for efficiency and drivability.
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Fig. 4. Effect of Engine Speed on Brake Torque

Fig. 5 illustrates the variation of Indicated Mean Effective Pressure (IMEP) concerning engine speed.
IMEP represents the average pressure exerted on the piston during the combustion cycle, and it is a
reliable indicator of the combustion efficiency inside the cylinder. At an engine speed of approximately
1500 rpm, the IMEP is recorded at around 8.35 bar. As the engine speed increases to 2000 rpm, the
IMEP reaches its maximum value of about 8.55 bar. This peak indicates that the combustion process is
most efficient at this speed, likely due to optimal air-fuel mixing, complete combustion, and favourable
combustion phasing.

However, as the engine speed increases beyond 2000 rpm, a gradual decline in IMEP is observed. At
2500 rpm, the IMEP drops to around 8.1 bar and decreases to approximately 7.3 bar at 3000 rpm. This
declining trend can be attributed to several interrelated factors, including reduced volumetric efficiency
at higher speeds due to insufficient air intake, shortened combustion duration, and less complete
combustion resulting from faster piston movement. Additionally, increased mechanical friction and
potential knock behaviour at elevated engine speeds may contribute to reducing IMEP.

These findings are consistent with previous reports indicating that IMEP tends to increase with engine
speed up to a certain optimum point before decreasing due to combustion inefficiencies at higher speeds
(Raheman & Ghadge, 2007; Sardjono et al., 2025). It was reported that peak IMEP is typically observed
at mid-range engine speeds, beyond which it diminishes due to limitations in air-fuel mixing and
combustion quality (Datta & Mandal, 2017; Maulana et al., 2025). Overall, Fig. 5 highlights that an
engine speed of around 2000 rpm is the most favourable operating point for maximizing indicated mean
adequate pressure, which is crucial for achieving high thermal efficiency and engine performance.
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Fig. 5. Effect of Engine Speed on Indicated Mean Effective Pressure (IMEP)
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Fig. 6 shows the relationship between engine speed and nitrogen oxide (NOXx) emissions, expressed in
parts per million (ppm). NOx emissions are primarily formed at high temperatures during combustion,
making them sensitive to combustion temperature and in-cylinder oxygen availability. At an engine
speed of approximately 1500 rpm, the NOx emission level is relatively low, recorded at around 1180
ppm. As the engine speed increases to 2000 rpm, NOx emissions rise sharply to a peak of approximately
2220 ppm. This significant increase can be attributed to enhanced combustion temperatures due to faster
flame propagation and increased air-fuel reaction rates, typical at moderate engine speeds. The higher
in-cylinder temperature and longer residence time of the combustion gases promote thermal NOXx
formation via the extended Zeldovich mechanism.

Beyond 2000 rpm, however, the NOx emissions begin to decrease gradually. At 2500 rpm, the NOXx
concentration drops to around 2080 ppm and further declines to approximately 1880 ppm at 3000 rpm.
This reduction may be due to a combination of factors, including shorter combustion duration, reduced
in-cylinder temperature, and decreased oxygen availability due to richer mixtures or incomplete
combustion at higher engine speeds. The trend observed in this figure aligns with the findings of
Agarwal et al. (2006), who reported that NOx emissions increase with engine speed up to an optimal
point due to increased temperature and pressure but then decline due to the limited time for NOx
formation at high piston velocities and reduced combustion efficiency. Moreover, similar patterns were
reported, where the maximum NOXx formation occurred at mid-range engine speeds and decreased at
higher speeds due to lower thermal residence time and changes in air-fuel dynamics (S. M. Rosdi, Yasin,
et al., 2025; Sayin, 2010). Therefore, the results in Fig. 6 suggest that controlling engine speed is a key
strategy in reducing NOx emissions, especially by avoiding operation at the speed range where peak
NOXx generation occurs.
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Fig. 6. Effect of Engine Speed on NOx Emissions

Fig. 7 presents the relationship between engine speed and specific fuel consumption (SFC), expressed
in kg/kWh. SFC is a key metric for evaluating engine fuel efficiency, where lower values indicate better
performance in converting fuel energy into practical work. At the lowest observed engine speed of 1500
rpm, the SFC is at its minimum, approximately 0.235 kg/kWh, signifying high thermal efficiency and
optimal combustion conditions. As the engine speed increases to 2000 rpm, SFC rises slightly to around
0.242 kg/kWh, indicating a marginal decline in efficiency due to the onset of increased mechanical
losses and suboptimal combustion timing.

A more pronounced increase in SFC is evident as the speed reaches 2500 rpm, where the value climbs
to about 0.265 kg/kWh and continues rising sharply to approximately 0.305 kg/kWh at 3000 rpm. This
substantial increase at higher engine speeds can be attributed to several interrelated factors, including
increased frictional losses, reduced volumetric efficiency, and less complete combustion due to the
shorter available time for the air-fuel mixture to burn thoroughly. Additionally, higher speeds can lead
to fuel enrichment strategies that further elevate fuel consumption per unit of power output. The

©2025 The Author(s). Published by Scholar Publishing. This is an open access article under the
CC BY license. Available online https://e-journal.scholar-publishing.org/index.php/ijet



International Journal of Engineering & Technology, (2025) Vol 2, 242-254

observed trend is consistent with previous findings indicating that SFC tends to be lowest at moderate
engine speeds and increases significantly at higher speeds due to reduced combustion efficiency and
increased mechanical strain (Ghazali et al., 2025; Papagiannakis et al., 2018). In practical engine tuning
and design, the SFC behaviour emphasizes the importance of operating within an optimal speed range
to minimize fuel usage and enhance overall engine economy.
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Fig. 7. Effect of Engine Speed on Specific Fuel Consumption (SFC)

Fig. 8 depicts the effect of engine speed on total mass airflow, which refers to the amount of air entering
the combustion chamber per unit of time. At lower engine speeds, such as 1500 rpm, the total mass
airflow is relatively low, recorded at approximately 0.255 kg/s. This is expected, as slower piston
movement and fewer intake cycles result in less air being drawn into the cylinders. As engine speed
increases, the total air intake rises significantly due to the higher frequency of intake strokes and the
increased demand for oxygen to support combustion. At 2000 rpm, the airflow increases to about 0.33
kg/s and 0.38 kg/s at 2500 rpm, eventually reaching approximately 0.42 kg/s at 3000 rpm.
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Fig. 8. Effect of Engine Speed on Total Mass Airflow

This positive correlation between engine speed and air mass flow directly results from increased engine
throughput. As engine RPM rises, each cylinder draws in air more frequently, and the volumetric
demand on the intake system grows, leading to an overall increase in the mass of air processed.
However, the growth rate appears to taper off at higher speeds, which could indicate the onset of flow
restrictions or reduced volumetric efficiency due to limitations in the intake manifold design, valve
timing, or turbulent effects within the intake ports.
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"The trend observed in this figure is consistent with previous studies highlighting that while total mass
airflow increases with engine speed, it does so at a diminishing rate due to fluid dynamic limitations
within the intake system (Kirkpatrick, 2020; S. M. M. Rosdi et al., 2025). These results suggest that
although higher engine speeds enable greater air intake, achieving optimal volumetric efficiency still
requires careful intake system design to minimize losses and flow resistance at elevated RPMs.

Fig. 9 illustrates the relationship between engine speed and volumetric efficiency, representing the
engine's ability to fill its cylinders with the maximum possible air during the intake stroke. At 1500
rpm, the engine achieves its highest volumetric efficiency, approximately 0.915 or 91.5%, indicating
near-optimal cylinder filling due to sufficient time for air induction and minimal intake losses. As the
engine speed increases to 2000 rpm, the volumetric efficiency slightly declines to about 0.895,
reflecting the initial onset of reduced intake effectiveness caused by shorter valve opening durations
and increased turbulence in the intake tract.

The decline becomes more pronounced at higher speeds, with the efficiency dropping to 0.835 at 2500
rpm and reaching a low of approximately 0.755 at 3000 rpm. This downward trend can be attributed to
the reduced time available for air to enter the cylinder as engine speed increases, which limits the
volume of inducted air per cycle. Flow separation, intake manifold losses, and valve timing limitations
also contribute to the decrease in volumetric efficiency at elevated RPMs. The results in the figure align
with the fundamental principles of internal combustion engine operation, as described by Heywood
(1988), who stated that volumetric efficiency typically decreases beyond a certain speed due to dynamic
intake restrictions.

Furthermore, similar findings have been reported, where the reduction in volumetric efficiency at high
engine speeds was linked to the inability of intake valves and manifolds to maintain adequate airflow,
especially under naturally aspirated conditions (Stone, 1999). The results in Figure 9 emphasize the
importance of optimizing intake system geometry and valve timing to maintain high volumetric
efficiency across a broader range of engine speeds, particularly for applications requiring both low-
speed torgue and high-speed performance.
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Fig. 9. Effect of Engine Speed on Volumetric Efficiency

The novelty of this study lies in its comprehensive and integrated analysis of how engine speed
influences key thermodynamics, performance, and emission parameters in a controlled engine testing
environment. Unlike many previous studies that focused on isolated parameters, this work
simultaneously evaluates combustion duration, and brake means adequate pressure (BMEP), brake
torque, indicated mean adequate pressure (IMEP), NOx emissions, specific fuel consumption (SFC),
total mass airflow, and volumetric efficiency. This multi-dimensional approach enables a more holistic
understanding of engine behaviour across a wide speed range, from 1500 to 3000 rpm. One of the
unique contributions of this study is the clear identification of trade-offs between performance and
emissions at varying speeds—for example, peak IMEP and torque occur at mid-range speeds. At the
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same time, NOx emissions also peak within the same range, highlighting the challenge of
simultaneously optimizing both performance and environmental impact.

Moreover, the results provide new insights into how combustion duration rapidly decreases with speed
and how volumetric efficiency and total air intake respond non-linearly to increased RPM. These
findings are essential for calibrating engine control systems, including ignition timing, fuel injection
strategies, and valve actuation mechanisms. The presented experimental data also fills a critical gap in
the literature by providing validated reference points for simulation modelling and the development of
predictive engine performance maps. Looking ahead, several recommendations can be made. First,
future research should explore applying advanced combustion strategies such as homogeneous charge
compression ignition (HCCI), reactivity-controlled compression ignition (RCCI), or dual-fuel
combustion, which may offer better efficiency and lower emissions across a broader range of engine
speeds. Second, the impact of alternative fuels, including biodiesel, ethanol blends, or synthetic e-fuels,
on these same performance indicators should be examined under similar test conditions to assess fuel
adaptability. Third, integrating turbocharging and variable valve timing (VVT) could be investigated to
mitigate the losses in volumetric efficiency and torque at high RPMs. Additionally, real-time engine
control algorithms based on artificial intelligence or machine learning can be developed using the trend
data provided in this study to optimize fuel efficiency and emission control dynamically. Finally,
expanding the testing to include transient engine operations (e.g., acceleration, deceleration) would
provide a complete assessment of real-world engine behaviour and performance optimization.

4, Conclusion

This study systematically investigated the effect of engine speed on combustion characteristics,
performance indicators, air intake behaviour, fuel consumption, and NOx emissions in a compression
ignition engine operating within the speed range of 1500 to 3000 rpm. The results demonstrated that
combustion duration decreased significantly from 83°CA at 1500 rpm to 37°CA at 3000 rpm,
confirming that higher engine speeds result in faster combustion due to increased turbulence and shorter
residence time. The brake mean adequate pressure (BMEP) showed a declining trend from 6.6 bar at
1500 rpm to 4.3 bar at 3000 rpm, while the brake torque similarly decreased from 1000 Nm to 630 Nm,
indicating reduced engine work output at higher speeds due to diminishing volumetric efficiency and
incomplete combustion. The indicated mean adequate pressure (IMEP) peaked at 8.55 bar at 2000 rpm
before dropping to 7.3 bar at 3000 rpm, suggesting that mid-range engine speeds provide optimal
combustion efficiency. NOx emissions peaked at 2220 ppm at 2100 rpm, then decreased to 1880 ppm
at 3000 rpm, revealing a trade-off between power generation and emission control. The specific fuel
consumption (SFC) increased from 0.235 kg/kWh at 1500 rpm to 0.305 kg/kWh at 3000 rpm, reflecting
declining thermal efficiency at higher speeds.

Furthermore, the total mass airflow rose progressively from 0.255 kg/s to 0.42 kg/s, while volumetric
efficiency fell from 91.5% to 75.5%, highlighting the limitations in air intake effectiveness at elevated
engine speeds. In conclusion, the optimal engine performance regarding torque, IMEP, and fuel
efficiency was observed around 2000 rpm, where combustion was complete, airflow was sufficient, and
fuel usage remained efficient. However, NOx emissions also peaked around this speed, indicating the
need for advanced emission mitigation strategies. The findings serve as a valuable reference for further
combustion modelling, developing engine control strategy, and evaluating alternative fuels under
varying engine speeds.
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